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to  generating  an  airblast  simulation  a 1-KT  nuclear  airburst  ex- 
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and  overpressure-impulse  data  from  weaponized  FAE's  and  carefully 
controlled  hemispherical  balloon  detonations  has  allowed  a 
comparison  of  the  fuel-air  explosives  with  both  condensed  ex- 
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20.  ABSTRACT  (Continued). 

surface  burst.  It  was  found  that,  dependinq  upon  cloud  geometry, 
the  total  fuel  required  for  a 1-KT  nuclear  airblast  simulation 
varied  between  63  and  200  tons.  The  concentration  of  fuel  in  airj 
must  be  close  to  stoichiometric  and  the  mean  droplet  diameter 
must  be  2500  microns  or  less. 

Investigation  into  existing  nozzles  indicate  that  it  is 
questionable  whether  commercially  available  nozzles  can  project 
a vapor  to  the  requisite  height  for  the  1-KT  simulation. 

Various  fuel  candidates  were  investigated.  We-  fuund'^thaL  the 
prop-hydrocarbon  compounds  are  attractive  with  higher  order 
hydrocarbons  being  worth  consideration. 
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SECTION  1 


INTRODUCTION 


A continuing  responsibility  of  the  Defense  Nuclear  Agency 
(DNA)  is  to  provide  nuclear  weapon  effects  simulation  facilities 
to  the  Services  in  support  of  service  requirements  to  test  and 
certify  various  equipments  against  the  nuclear  environment.  As 
part  of  this  program,  large  high  explosive  events  simulating  the 
airblast  from  approximately  a 1 KT  nuclear  detonation  have  been 
fielded  on  an  average  of  one  per  year  since  the  Snowball  event  in 
1964  (if  one  accounts  for  some  years  with  up  to  three  detonations, 
e.g.,  the  Sailor  Hat  series).  All  large  simulation  events  (not 
counting  the  relatively  small  20  ton  gaseous  mixture  events)  have 
utilized  condensed  explosives  (TNT,  ANFO,  or  n i tromethane)  as  the 
explosive  source,  either  as  a matter  of  convenience  or  historical 
precedence,  e.g.,  the  use  of  recast,  surplus  TNT,  because  a 
cratering  event  was  also  a simulation  requirement,  e.g.,  Pre-Dice 
Throw  and  Pre-Mine  Throw  IV,  or  because  no  suitable  alternative 
was  available,  e.g..  Dice  Throw. 


For  simulation  events  whose  primary  purpose  is  to  provide 
an  airblast  environment,  the  cratering  aspects  of  condensed  ex- 
plosives placed  directly  on  the  ground  surface  are  detrimental 
in  that  the  crater  ejecta  may  cause  unwanted  impacts  on  airblast 
targets  and  the  crater  needs  refilling  and  extensive  rehabilita- 
tion of  the  test  bed  is  required  before  a test  may  be  repeated 
using  the  same  ground  zero.  Since  gage  mounts,  cabling,  trench- 
ing, instrument  power  and  liJte  capital  investments  represent  a 
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considerable  fraction  of  the  cost  of  a large  simulation  test,  the 
cost  savings  of  a reusable  test  facility  could  be  substantial. 
Also  for  most  systems  where  airblast  is  the  primary  damage 
mechanism,  e.g.,  for  tactical  land-based  systems,  the  high 
airblast  overpressures  produced  by  condensed  (solid)  explo- 
sives are  unnecessary  for  nuclear  simulation  purposes. 

These  requirements  to  conduct  frequent  tests  of  various 
military  equipment  against  the  simulated  airblast  from  nuclear 
weapons  have  emphasized  the  desirability  of  a reusable  facility 
for  such  purposes.  In  a reusable  facility,  airblast  gage  mounts, 
instrumentation,  cabling,  and  other  test-bed  hardware  would  be 
permanently  emplaced,  resulting  in  decreased  costs  of  testing 
and  decreased  turn-around  time.  The  nuclear  airblast  simulation 
technique  employed  in  the  facility  should  be  able  to  generate 
highly  uniform  and  repeatable  overpressure  and  dynamic  pressure 
waveforms  consistent  with  the  waveforms  from  a 1-KT  nuclear 
surface  burst  for  overpressures  from  approximately  1 psi  to 
100  psi.  In  certain  research  applications,  the  ability  to 
vary  the  equivalent  nuclear  yield  easily  would  be  advantageous. 

Detonable  gas  mixtures  contained  in  balloons  for  the  pur- 
pose of  nuclear-airblast  simulation  have  received  considerable 
attention  by  DNA  (Reference  1) . Properly  mixed  mixtures  of 
methane/oxygen  and  propane/oxygen  produce  clean,  reproducible 
airblast  waves  and  their  low  detonation  pressures  (~  600  psi) 
preclude  disturbance  of  the  test  bed.  These  would  seem  ideal 
for  airblast  simulation  purposes  except  for  the  long  filling 
times  of  the  large  (~  300-foot  diameter)  hemispheres,  their 
susceptability  to  wind  loads,  the  high  cost  of  the  balloons, 
and  the  safety  aspects  of  handling  detonable  gas  mixtures. 
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However,  the  success  of  the  detonable-qas  balloon  concept 
in  simulating  low  yield  20  ton)  nuclear  detonations  argues  in 
favor  of  the  concept  that  free  air,  i.e.,  without  balloon  con- 
finement fuel-air  explosions  (FAE)  could  provide  an  adequate 
simulation  of  a 1-KT  nuclear  explosion  without  the  complica- 
tions, cost,  fill  time  and  safety  aspects  of  the  detonable-gas 
balloon.  In  addition  fuel-air  explosions  have  been  successfully 
adapted  as  a military  airblast-ef fects  weapon,  e.g.,  the  BLU-73/B, 
and  devices  containing  up  to  1400  pounds  of  explosively-dissemi- 
nated fuel  (ethylene  oxide)  have  been  successfully  detonated 
(Reference  2).  These  devices  give  airblast  pulses  similar  to 
those  obtained  from  other  high  explosives  and/or  nuclear  deto- 
nations . 


Theoretical  analysis  (Reference  3)  of  the  energetics  of  FAE 
leads  to  the  conclusion  that  these  detonations  may  be  five  to 
ten  times  as  effective  per  unit  weight  (including  only  the  weight 
of  the  fuel  as  the  explosive)  as  condensed  explosives  in  pro- 
ducing airblast  since  the  FAE  rely  on  the  atmosphere  for  its 
oxidizer.  Cost  comparisons  of  raw  explosive,  based  on  somewhat 
uncertain  TNT  equivalences,  are  favorable  for  FAE  fuels,  e.g., 
ethylene  oxide  appears  to  bo  one-half  the  cost  of  ANFO  per  pound 
of  TNT  equivalent.  Consequently,  FAE  have  also  the  potential 
of  being  considerably  more  cost-effective  than  condensed  ex- 
plosives for  nuclear  airblast  simulation. 


The  volumes  occupied  by  stoichiometric  FAE  mixtures  are, 
however,  approximately  four  times  larger  than  those  for  methane- 
oxygen  mixtures  and  hence  it  appears  that  the  single  most 
important  question  related  to  FAE  as  a practical  airblast  simula- 
tion concept  is  whether  or  not  uniform,  repeatable  mixing  of  the 
fuel  with  the  air  can  be  routinely  achieved  on  a time  scale  of 
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a few  seconds  or  tens  of  seconds.  It  should  be  noted  that  even 
balloons  containing  detonable  gases  are  not  automatically  well 
behaved  and  that  a considerable  effort  was  e>.. ended  to  assure  com- 
plete mixing  of,  for  example,  methane  and  oxygen  before  repeatable 
and  reproducible  detonations  were  obtained  (see  Figures  4.121  and 
4.122  of  Reference  4).  Complete  mixing  is  even  more  of  a re- 
quirement for  fuel-air  mixtures  as  evidenced  by  the  much  greater 
sensitivity  of  detonation  pressures  on  the  mixture  ratio  of 
oxidizer  and  fuel  when  using  air  versus  using  oxygen  (see,  for 
example.  Figure  2.47  of  Reference  4). 
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SECIION  2 

PROGRAM  OBJECTIVES 

To  be  cost-effective,  a nuclear  airblast  simulation  technique 
must  be  azimuthally  uniform  (or  predictably  non-uniform)  and, 
within  limits,  repeatable  in  its  overpressure  and  overpressure- 
impulse  versus  distance  relationships.  Otherwise  critical  ex- 
periments may  not  experience  the  desired  loadinqs  and/or  certifi- 
cation tests  may  b<'  invalidated  for  the  same  reason.  Kven  con- 
densed explosive  sources  have  a problem  area  in  this  respect  at 
hiyh  overpressures  dire  to  jottinq  and  airblast  "anomalies" 
observed  for  cert  a’ n source  qeometries. 

Airblast  data  from  statically  fired  FAE  experiments,  es- 
pecially data  from  the  larger  charge  sizes,  provides  a basis 
for  estimating  the  degree  of  reproducibility  associated  with 
FAE  and,  when  compared  with  nuclear  overpressure  data,  these 
data  also  give  experimentally  based  estimates  of  the  nuclear 
simulation  efficiency  of  FAE.  The  first  objective  of  the  cur- 
rent study  was  to  review  and  dcjument  the  pertinent  FAE  data 
and  make  comparisons  with  high  explosive,  nuclear-airblast 
simulation  data  and  nuclear-airblast  data. 

Because  of  the  large  volume  associated  with  stoichiometric 

fuel-air  mixtures,  e.g.,  1.5  x 10^  m for  an  energy  release  of 
12 

1 kt  (4.10  joules)  or  a hemisphere  90  meters  in  radius,  success- 
ful fuel-dispersal  methods  are  believed  to  be  the  kernel  of  a 
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successful  FAE  nuclear  airblast  simulation.  Large  amounts  of 
fuel  must  be  dispersed  uniformly  in  a very  short  time.  Due  to 
high  dynamic  pressure  impulses  within  the  FAE  fireball,  struc- 
tures to  support  fuel  dispersal  equipment  do  not  appear  cost- 
effective  or  desirable.  As  an  alternate  to  in-cloud  dispersal 
point  systems,  ground-based  nozzles  were  recommended  as  a 
primary  method  of  dispersal  (Reference  3).  Since  data  on  com- 
mercial nozzle  characteristics  (such  as  flow  volume,  spray  angle, 
reach,  and  droplet  size)  necessary  to  demonstrate  the  feasibility 
of  a ground-based  nozzle  system  were  not  documented  in  previous 
studies  (References  3 and  5),  the  second  objective  of  the  study 
was  to  document  and  analyze  those  data. 
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SECTION  3 

COMPARISONS  OF  FAE  AIRBLAST  DATA  WITH 
NUCLEAR  HIGH  EXPLOSIVE  DATA 

As  the  objective  of  a nuclear  airblast  simulation  program 
is  to  simulate  a 1-KT  nuclear  surface-burst,  all  data  will  be 
compared  on  that  basis.  The  standard  nuclear  surface  burst 
curve  of  overpressure  versus  distance  is  given  in  the  Fig- 
ure 4.3-51  of  Reference  6.  This  curve  is  a composite  of  all 
maximum  overpressure  data  recorded  on  nuclear  surface  bursts. 

The  mean  curve  to  the  data  has  been  fitted  statistically  and 
maximum  data  scatter  about  the  mean  is  ♦ 13  {percent.  The  curve 
of  overpressure  impulse  as  a function  of  overpressure  was  con- 
structed using  Figure  4.3-51  of  Reference  6 and  Figure  4.3-57 
which  shows  a scatter  of  t 30  percent  for  overpressure  impulse 
about  the  mean  value  at  a given  range.  In  making  the  comparison 
with  high  explosive  and  FAE  airblast,  the  nuclear  data  will  be 
presented  with  the  nuclear  data  scatter  shown  as  shaded  bands. 

3.1  CONDENSED  HIGH  EXPLOSIVE  AIRBLAST  DATA 

Before  presenting  the  FAE  airblast  data,  it  is  worthwhile 
to  assess  data  from  nuclear-airblast  simulation  events  using 
condensed  high  explosives.  Figures  1 and  2 present  data  from 
five  surface-tangent  spheres  of  TNT  (Reference  7)  and  two 
surface-tangent  spheres  of  nitromethane  (Reference  8) . Because 
of  the  nature  of  the  high  explosive  source,  i.e.,  the  tangent- 
to-the-surf ace  geometry,  overpressures  above  10  psi  are  larger 
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Oround  range,  feet 


Figure  1 Scaled  overpressure  for  TNT  and  nitromethane  tangent-to 
the-surface  spheres  compared  with  overpressure  from  a 
1 KT  nuclear  surface  burst  (shaded  area  shows  scatter 
of  nuclear  data) . 


1 KT  nuclear 

surface  burst 

Tangent  sphere  data  scaled 
to  380  tons  of  explosive 
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Figure  2 Scaled  overpressure  impulse  for  TNT  and  nitromethane 
tangent-to-the-sur f ace  spheres  compared  with  impulse 
from  a 1 KT  nuclear  surface  burst  (shaded  area  shows 
scatter  of  nuclear  data) . 


than  those  for 
been  corrected 
pressure  (STP) 
curve . 


the  equivalent  weight  hemisphere.  The  data  have 
to  the  same  standard  conditions  of  temperature  and 
as  used  for  the  standard  nuclear  surface-burst 


The  overpressure  versus  ground  range  data  were  "fit"  to  the 
nuclear  surface-burst  curve  to  determine  the  weight  of  high  ex- 
plosive necessary  to  match  the  nuclear  surface-burst  curve  over 
a range  of  pressures  from  1 psi  to  100  psi.  Since  the  high  ex- 
plosive overpressure-distance  curve  has  a greater  curvature  than 
the  nuclear  overpressure-distance  curve,  the  two  sets  of  data  can 
never  be  in  juxtaposition  over  the  entire  range  of  interest. 
Therefore,  it  is  necessary  to  compromise  the  "fit"  to  have  the 
high  explosive  data  somewhat  higher  than  the  nuclear  curve  at 
the  100  psi  level  and  somewhat  lower  than  the  nuclear  curve  at 
the  the  10  psi  level  and  approximately  equal  to  nuclear  curve 
at  the  1 psi  level.  To  fit  the  high  explosive  data  to  the  nuclear 
pressure-distance  curve  requires  380  tons  of  high  explosive. 

The  same  procedure  in  "fitting"  the  nuclear  overpressure 
impulse-overpressure  curve  was  used  in  Figure  2.  Here  we  note 
that  the  high  explosive  impulse  data  decrease  with  overpressure 
for  overpressure  greater  than  300  psi.  This  is  a consequence 
of  the  decrease  in  pulse  duration  for  high  explosives  with 
decreasing  distance  from  the  explosion.  The  three  low  impulse 
points  on  Dial  Pack  and  the  two  low  impulse  points  on  Mixed 
Company  are  undoubtedly  the  results  of  airblast  anomalies  which 
frequently  accompany  the  surface-tangent  sphere  charge  con- 
figuration. The  same  380  tons  of  high  explosive  are  required 
to  match  the  nuclear  curve;  in  fact,  in  matching  the  nuclear 
curves  of  Figure  1 and  2,  consistency  in  the  yield  equivalency 
of  the  high  explosive  was  an  overriding  factor  in  the  "fitting" 
of  the  high  explosive  to  the  nuclear  data. 


It  should  be  noted  that  it  is  the  overpressure  impulse- 
overpressure  relationship  which  is  most  important  in  determining 
the  fuel  efficiency  relative  to  a nuclear  detonation  since  the 
testing  of  equipment  depends  more  on  having  the  proper  impulse 
at  the  desired  overpressure  rather  than  having  exactly  the 
nuclear  overpressure  at  a specific  range  from  the  burst  point. 
Stated  another  way,  the  desired  overpressure  may  be  obtained 
by  adjusting  the  range  from  the  burst  point,  but  the  desired 
impulse  at  that  overpressure  can  only  be  obtained  by  adjusting 
the  charge  weight. 

The  380  tons  of  high  explosive  necessary  to  simulate  the 
1-kt  nuclear  airblast  is  significantly  lower  than  the  500  tons 
of  high  explosive  usually  quoted  as  the  nuclear-to-high-explosive 
equivalency.  This  is  because  the  500  ton  equivalence  derives 
from  overpressure  data  from  hemispherical  charges  of  TNT  which 
produce  lower  overpressures  in  the  region  above  10  psi  (see 
Figure  10a  of  Reference  9),  and  that  a compromise  has  been  made 
in  the  fitting  of  the  overpressure-range  curve  for  the  tangent 
sphere  data, 

3.2  EXPLOSIVELY  DISSEMINATED  FUEL  CLOUDS 

Airblast  data  from  static  firings  of  FAE  warheads  were  ob- 
tained from  References  2 and  10  and  from  examination  of  pressure 
gage  records  at  the  Naval  Weapons  Center  (NWC) , China  Lake, 
California,  Why  the  latter  was  necessary  is  illustrated  in 
Figure  3 which  presents  tracings  of  oscillograph  records  of 
pressure  gage  outputs  from  a typical  FAE  warhead  detonation. 
Immediately  noticeable  is  the  multiplicity  of  shock  waves 
associated  with  pressure  pulses  exterior  to  the  FAE  fireball. 

The  origin  of  the  secondary  and  tertiary  shock  systems  comes 
from  the  manner  in  which  the  FAE  cloud  was  detonated.  Since 
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the  explosively  disseminated  clouds  tend  to  b('  lean  in  fuel  at 
the  center  and  rich  toward  the  outer  edqes,  the  detonators 
{usually  two)  are  placed  off-center  from  the  canister  resultinq 
in  a nonsymmet r i ca 1 series  of  detonations  and  collisions  of 
shoc)cs  within  the  FAK  cloud;  the  net  result  beinq  a multiplicity 
of  shocl^s  in  the  airblast  output  of  the  FAE.  Since  the  duration 
of  airblast  pulses  from  these  warheads  is  short  (several  tens 
of  milliseconds),  the  tarqets  aqainst  which  these  weapons  are 
intended  to  be  used  are  qenerally  sensitive  to  overpressure 
impulse  rather  than  pea)<  overpressure.  Consequently  the  multiple 
shoclc  characteristics  are  not  (generally  detrimental  to  the  per- 
formance of  the  warhead. 


Multiple  airli 
nuclear-a i rblast  s 
cumstances,  double 
blast  pulses.  Wha 
explosively  dissem 
not  symmetric  abou 
points  have  been  o 
nuclear-airblast  s 
be  avoided  by  prov 
centrally  located 


last  shocl<s  are,  however,  deleterious  in  a 
imulation  system  since,  except  in  special  cir- 
shoc)<s  are  not  associated  with  nuclear  air- 
t ma)<es  the  problem  even  more  complicated  for 
mated  clouds  is  that  the  double  shoclcs  are 
t the  center  of  the  cloud  since  the  detonation 
ffset  from  the  warhead.  In  a practical 
imulation,  these  multiple  shocl<s  can  possibly 
idinq  a more  uniform  fuel  distribution  and 
cloud  detonation  points. 


A second  feature  of  the  waveforms  is  the  occurrence  of 
numerous  pressure  spiltes  of  extremely  short  duration.*  In 
evaluating  high  explosive  airblast  data,  such  spi)<es  would  be 
edited  out  during  data  interpretation  and  the  maximum  over- 
pressures read  from  the  records  as  shown  in  Figure  3.  Every 
pressure  record  used  in  the  analysis  of  the  300-,  1000-  and 
1400-pound  FAE  warhead  data  was  examined  and  maximum  pressures 


i 

The  so-called  "impulse-less  pressures"  at  the  NWC 
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reread,  if  necessary,  to  eliminate  pressure  spikes  from  the 
data.  This  procedure  actually  resulted  in  a tighter  set  of  data, 
albeit  somewhat  lower  maxima,  than  were  reported  in  References  2 
and  10. 

The  fuel  clouds  were  approximately  cylindrical  in  shape 
having  a height  to  diameter  ratio  of  0.2.  For  the  nominal 
1400  pound  warheads,  the  cloud  diameter  was  approximately  115 
feet  rind  the  cloud  height  approximately  23  feet.  The  detonators 
were  placed  at  30  and  40  feet  respectively  from  the  warhead  at 
right  angles  to  the  pressure  gage  line.  The  clouds  were  deto- 
nated at  approximately  370  msecs  after  ignition  of  the  burster. 
Figure  4 and  5 show  the  radius  and  height  of  the  clouds  as  a 
function  of  time  for  several  nominal  1400  pound  warheads. 

The  data  from  the  300- , 1000- , and  1400-pound  FAE;  warhead 
detonations  were  corrected  to  STP  and  scaled  to  a common  yield 
by  the  usual  one-third  power-of-yield  scaling  rules.  The  data 
were  then  fitted  to  the  nuclear  surface  burst  curve  in  the  same 
manner  described  for  the  high  explosive  data,  i.e.,  matching 
the  overpressure  versus  ground  range  curve  between  the  1 psi  and 
100  psi  limits  (f’igure  6). 

Because  multiple  shocks  appeared  to  increase  the  duration 
of  the  waveforms,  it  was  thought  that  there  might  be  a tendency 
toward  higher  impulses  for  the  multiple  shock  waveforms  over  a 
single  shock  system,  consequently  the  data  were  sorted  on  this 
basis  in  Figure  7 (data  points  showing  ticks  correspond  to 
multiple  shock  waveforms) , There  appeared  to  be  no  trend  in 
this  direction  discernible  within  the  scatter  of  the  data,  and 
consequently  this  effect  was  ignored  in  fitting  the  impulse 
versus  overpressure  curve  against  the  nuclear  data. 
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Diameter 


Ground  range,  feet 


Figure  6 Scaled  overpressure  for  ethylene  oxide  FAE  compared 
with  overpressure  from  a 1-KT  nuclear  surface  burst 
(Shaded  areas  show  scatter  of  nuclear  data.) 
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Impulse,  psi-msec 


The  data  (Figures  6 and  7)  indicated  that  170  tons  of 
ethylene  oxide,  explosively  disseminated  and  detonated  in  a 
cloud  geometry  geometrically  similar  to  the  smaller  detonations, 
would  be  required  to  simulate  a 1-KT  nuclear  surface  burst. 

Thus,  it  appears  this  FAK  configuration  is  somewhat  more  than 
twice  as  efficient  (on  a fuel-weight  basis)  as  condensed  ex- 
plosives . 

Reference  11  gives  data  on  the  detonation  of  six  BLU-73/B 
warheads  containing  72  pounds  of  ethylene  oxide.  Airblast 
measurements  were  made  along  three  lines  located  at  0,  120,  and 
240  degrees  azimuth.  Detonators  were  placed  along  the  zero 
degree  direction  for  two  explosions,  along  the  45  degree  dii action 
for  two  explosions,  and  along  the  180  degree  direction  for  the 
remaining  two  explosions.  Meteorological  conditions  ranged  over 
temperatures  from  70-  to  98-°F  with  winds  varying  from  5-  to 
3 5-mph . 

Overpressure  impulse  data  are  plotted  as  a function  of 
overpressure  in  Figure  8.  Since  the  reference  presents  no  wave- 
forms, it  was  not  possible  to  run  a check  on  maximum  overpressures 
as  was  done  for  the  NWC  data.  The  ovt  pressure  data  along  the 
gage  line  located  at  240  degrees  was  consistently  higher  than  the 
overpressure  data  along  the  lino  at  zero  degrees  azimuth  and  it 
appeared  that  the  placement  of  the  detonators  had  a clear  effect 
on  maximum  overpressure.  The  variation  in  overpressure  impulse 
was  less  pronounced  than  for  overpressure  and  the  data  along  the 
gage  line  at  240  degrees  was  only  slightly  higher  than  the  data 
along  the  line  at  zero  degrees  without  any  clear  effect  of  deto- 
nator placement. 

The  fuel  cloud  appeared  to  have  two  families  per  cloud 
volumes,  1.14  (i  0.02)  x 10^  ft^  and  1.43  (♦  0.09)  x 10^  ft^. 
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Overpressure,  psi 


Figure  8 Scaled  overpressure  impulse  for  BLU-73/B  warheads 
compared  with  impulse  from  a 1-KT  nuclear  surface 
burst.  (Shaded  area  shows  scatter  of  nuclear  data.) 
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These  cloud  volumes  imply  fuel  concentrations  of  8.5  percent  and 
6.8  percent,  respectively.  Data  also  indicate  two  families  of 
detonation  velocity,  6,088  (+  379)  ft/sec  and  4,750  (i  373)  ft/sec, 
but  since  the  cloud  volumes  (and  consequent  fuel  concentrations) 
were  reported  independent  of  the  detonation  velocity  measurements 
it  was  not  possible  to  correlate  the  two  sets  of  data. 

Two  observations  can  be  made  from  the  data  plotted  in 
Figure  8.  First  the  data,  except  for  a few  wild  points,  do  not 
scatter  appreciably  more  than  the  data  from  the  larger  charges 
shown  in  Figure  7;  second,  the  smaller  charges  appear  to  bo 
more  efficient,  i.e.,  they  have  a larger  impulse  when  scaled 
to  170  tons  of  fuel  than  do  the  data  from  the  larger  charges. 

It  should  be  noted  that  for  the  300  to  1400  pound  charge  data, 
there  is  a small  but  consistent  tendency  for  the  impulse  efficiency 
to  decrease  with  increasing  fuel  weight  which  is  consistent  with 
the  difference  noted  between  the  data  of  Figures  7 and  8.  This 
result  is  probably  the  effect  of  depletion  of  fuel  droplets  by 
the  ground  surface  due  to  insufficient  height -of-burst  of  the 
fuel  canister  (Reference  12).  However,  a study  (Reference  13)  of 
the  effect  of  height-of-burst  on  the  output  of  standard  BLU-73/B 
canisters  indicated  no  significant  differences  appearing  in  the 
airblast  for  heights-of-burst  ranging  from  3 to  18  feet.  This 
laclt  of  airblast  degradation  was  attributed  to  the  change  in 
cloud  shape  at  larger  heights-of-burst  which  allowed  the  cloud 
thiclcness  to  increase,  thus  maintaining  approximately  constant 
shoclc  relief  distance  over  the  range  of  cloud  formation  heights. 

3.3  HEMISPHERICAL  BALLOONS  FILLED  WITH  FUEL-AIR  MIXTURES 

Reference  14  reports  airblast  data  from  detonations  of 
hemispherical  balloons  inflated  by  near  stoichiometric  mixtures 
of  MAPP*  and  air.  The  hemispheres  were  centrally  detonated  at 

— 

A mixture  of  methylacetylene , propadiene,  and  propane  fuel 

used  as  a welding  gas. 
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ground  level  and  airblast  measured  along  two  radial  lines  120° 
apart.  Five-,  10-,  and  20-meter  diameter  hemispherical  balloons 
were  used  with  nominal  fuel  weights  of  6.5-,  52-,  and  40-pounds, 
respectively . 

Although  fuel  was  sprayed  into  the  balloons  over  a large 
area,  failure  to  achieve  FAE  detonations  on  early  tests  led  to 
the  suspicion  that  seepage  into  the  ground  inhibited  vaporiza- 
tion of  the  liquid  resulting  in  fuel-to-air  ratios  outside  of  the 
detonability  limits.  On  subsequent  tests,  black  polyethylene 
plastic  was  laid  over  the  ground  inside  the  enclosure  to  preclude 
cloud  depletion.  To  achieve  a homogeneous  mixture,  fans  were 
used  inside  the  inflated  hemispheres  to  circulate  the  MAPP  gas 
and  air.  One,  four,  and  eight  fans  were  used  in  the  5-,  10-, 
and  20-meter  diameter  hemispheres,  respectively.  Mixing  time 
varied  from  approxima tely  20  minutes  for  the  5-meter  diameter 
hemisphere  to  170  minutes  for  the  20-meter  diameter  hemisphere.* 

Data  in  the  report  are  not  tabulated  so  it  is  not  possible 
to  distinguish  between  individual  data  points  along  the  two  blast 
lines  or  between  sets  of  data  for  the  different  hemisphere  diam- 
eters. Consequently  the  data  had  to  be  analyzed  on  the  basis  of 
the  maximum  spread  in  impulse  associated  with  the  maximum  spread 
in  pressure  reported  at  a particular  range.  These  data,  cor- 
rected to  STP,  wore  scaled  to  a common  denominator  of  1 pound 
of  MAPP  for  both  the  overpressure-distance  curve  and  the  over- 
pressure impulse-overpressure  curve.  When  fitted  to  the  1-KT 
i 

It  should  be  noted  that  up  to  2 hours  and  15  minutes  were  re- 
quired to  inflate  the  20-meter  diameter  hemispheres  and  that  winds 
severely  stressed  the  partially  inflated  hemispheres  and  sometimes 
caused  tears  at  the  anchor  boundary.  Experience  showed  that  in- 
flation could  not  be  attempted  in  winds  greater  than  10  mph.  Once 
inflated  the  hemispheres  were  stable  and  withstood  gusts  up  to 
15  mph. 
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nuclear  surface  burst  curves,  the*  overpressure-distance  relation- 
ship (Figure  9)  shows  a different  fuel  efficiency  than  does  the 
overpressure  impulse-overpressure  curve  (Figure  10).  In  either 
case,  the  FAE  fuel  efficiency  is  greater  than  that  for  the  ex- 
plosively disseminated  canister  of  ethylene  oxide. 

This  is  believed  due  to  the  more  controlled  nature  (par- 
ticularly the  controlled  mixing  of  fuel  and  air)  of  the  hemis- 
pherical balloon  detonations  and  to  the  more  efficient  cloud 
geometry  (hemispherical  versus  cylindrica')  to  be  discussed  in 
the  next  section.  The  fact  that  it  taltes  only  63  tons  of  fuel 
to  match  the  impulse-overpressure  curve  whereas  it  taltes  88  tons 
of  fuel  to  match  the  overpressure-distance  curve  is  also  believed 
to  be  a function  of  the  cloud  geometry.  An  interesting  com- 
parison point  to  the  MAPP-air  hemisphere  data  is  the  [iropane- 
oxygen  hemisphere  data  on  Reference  1 (Figure  11),  where  88  tons 
of  fuel  (propane)  are  required  to  fit  the  impulse-overpressure 
curve  for  the  1-KT  nuclear  surface  burst. 

3 . 4 SUMMARY 


Figures  1,  6,  and  9 and  Figures  2,  7,  10,  and  11  show  that 
for  both  the  condensed  explosives  and  FAE  there  are  occasional 
points  which  fall  low  in  both  overpressure  or  overpressure 
impulse  with  respect  to  the  general  trend  of  data.  However, 
the  FAE  data,  in  general,  exhibit  a wider  variability  than  do 
the  data  from  the  high-explosive  nuclear-airblast  simulation 
experiments.  In  quantitative  terms,  the  high-explosive  impulse 
data  have  a standard  deviation  about  the  mean  (±o)  of  approxi- 
mately t 10  percent,  while  the  standard  deviation  for  both  sets 
of  hemispherical  balloon  data  is  approximately  t 20  percent  and 
the  standard  deviation  for  FAE  impulse  data  is  approximately 
t 30  percent.  Thus  it  appears  that  FAE,  even  those  under  the 
most  controlled  conditions,  do  not  approach  the  prediction 
accuracy  for  condensed  explosives. 
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The  data  do  not  support  the  hypothesis  put  forth  in  Refer- 
ence 3 that  larqer  F’AE  would  result  in  smaller  error  bands.  Some 
of  the  data  scatter  for  the  smaller  FAE  events,  i.e.,  the  data 
from  the  !3LU-73/R,  may  be  due  to  instrumentation.  however,  the 
larqer  data  scatter  of  Fiqure  8 over  that  of  Fiqure  7 appears 
to  be  associated  with  the  data  scatter  in  different  measurement 
directions  rather  than  from  differences  between  data  on  different 
events.  The  scatter  in  data  alonq  different  directions  on  the 
same  event  is  to  a larqe  extent  associated  with  the  off-center 
detonation  of  the  cloud  influencinq  the  airblast  and  illustrates 
the  necessity,  for  nuclear-airblast  simulation  purposes,  of 
providinq  a uniform  fuel  distribution  within  the  cloud  and 
centrally  detonatinq  the  cloud. 


The  nuclear  equivalency  of  FAE  varies  from  an  upper  limit 
of  170  tons  of  fuel  per  kiloton  for  explosively  disseminated  clouds 
to  a lower  limit  of  63  tons  of  fuel  per  kiloton  for  well  mixed, 
centrally  detonated  fuel-air  mixtures  contained  in  hemispherical 
balloons.  This  lower  limit  appears  too  low  when  compared  with 
data  from  propane-oxyqen  detonations.  For  well  distributed, 
unconfined  aerosol  clouds  of  cylindrical  shape,  havinq  a heiqht- 
to-diameter  ratio  of  ““  0.2,  the  nuclear  ecjuivalency  is  expected 
to  be  approximately  150  tons  of  fuel  per  kiloton,  somewhat 
smaller  than  for  the  explosively  disseminated  clouds  but  sub- 
stantially larger  than  for  premixed,  hemispherica 1 ly  shaped  fuel 
vapor-air  mixtures. 
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SECTION 

EFFECT  OF  CLOUD  GEOMETRY  AND  WIND  ON 
SIMULATION  EXPERIMENT  DESIGN 

Calculations  of  the  airblast  from  ideal  detonations  of 
cylindrically  shaped  ethylene  oxide  clouds  have  been  carried  out 
in  Reference  15.  An  overpressure  impulse-overpressure  curve 
for  several  cylinder  diameter-to-height  ratios  may  be  constructed 
from  these  results  (F’igure  12).  This  presentation  shows  that  as 
the  diameter-to-height  ratio  of  the  cylinder  increases,  the 
nuclear  efficiency  of  the  cloud  decreases.  The  explosively 
disseminated  fuel  clouds  have  a diameter-to-height  ratio  of 
approximately  five  (height-to-diameter  ratio  equals  0.2)  and 
have  an  average  fuel  concentration  of  approximately  8 percent. 

For  170  tons  of  fuel,  the  clouds  have  a height  of  140  feet  and 
a diameter  of  700  feet.  Figure  12  indicates  that  by  going  to 
a diameter-to-height  ratio  of  unity  it  may  be  possible  to 
achieve  a factor  of  2 greater  fuel  efficiency  and  hence  a 
reduction  in  cloud  volume  by  a factor  of  2.  Assuming  this  one 
arrives  at  a cloud  height  and  diameter  of  325  feet.  Going  to 
a diameter-to-height  ratio  of  10  would  decrease  the  fuel 
efficiency  to  half  that  for  the  diameter-to-height  ratio 
of  5 and  consequently  double  the  volume  requirements  of  the 
cloud.  This  cloud  would  be  110  feet  in  height  and  1110  feet 
in  diameter. 

The  highest  fuel  efficiency  represented  in  the  data  was 
63  tons  of  MAPP  (this  would  result  in  a diminished  overpressure- 
distance  curve  which  could  be  accounted  for  by  placing  the 
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OVEBPRESSURE,  psi 


Figure  12  Calculated  overpressure  impulse  as  a function  of 
overpressure  scaled  to  source  energy  of  10^^  cal 
(1-KT) . 
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tarqet  points  closer  to  ground  zero  as  previously  discussed)  and 
a resulting  hemispherical  cloud  (again  at  a fuel  concentration 
of  8 percent)  of  approximately  210  feet  in  radius,  the  height 
of  a 21  story  building.  Even  for  the  upper  limit  of  detonability 
of  MAPI’  of  13  percent,  the  radius  of  the  hemisphere  would  be 
approximately  175  feet.  These  numerical  exercises  illustrate 
the  gigantic  scale  over  which  fuel  clouds  must  be  more-or-less 
uniformly  disseminated. 

The  other  controlling  factor  in  the  dissemination  of  the 
fuel  is  the  time  available  such  that  wind  does  not  cuase  appre- 
ciable error  in  overpressure  at  a given  target  location.  Error 
due  to  wind  at  a given  overpressure  level  can  be  calculated 
assuming  the  pressure-distance  relationship  for  the  1-KT  nuclear 
surface  burst  to  be  simulated.  These  results  are  shown  in 
Figure  13  for  a 3-second  fuel  dispersal  time. 

For  a given  fuel  dispersal  time,  a given  wind  velocity 
represents  a given  change  in  location  of  the  cloud  center  with 
respect  to  ground  zero,  AR.  Since  the  percent  error  in  over- 
pressure is  proportional  to  AR/R,  the  largest  errors  in  over- 
pressure occur  at  the  larger  overpressures.  Although  the 
assumption  of  a 3-second  dispersal  time  is  somewhat  arbitrary. 
Figure  13  shows  that  dispersal  times  of  this  order  are  necessary 
to  Iceep  overpressure  errors  realistically  less  than  20  or  30 
percent.  Since  the  errors  are  proportional  to  the  wind  velocity 
times  dispersal  time,  if  velocities  as  low  as  2 Itnots  could  be 
assured,  then  dispersal  times  could  be  as  long  as  10  to  15  seconds 
for  the  same  errors  shown  in  Figure  13.  To  design  a system  de- 
pendent upon  such  low  wind  velocity  at  shot  time  seems,  however, 
impractical  at  this  stage  because  of  the  low  probability  of 
occurrence  of  such  low  wind  velocities  on  any  given  shot  day 
and  the  generally  large  costs  associated  with  shot  delays. 
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DEPARTURE  FROM  DESIRED  OVERPRESSURE, 


CLOUD  DISPERSAL  TIME  EQUAL  TO  3 SEC  FOR  1 KTON  SIMULATION 
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Figure  13  Error  in  predicted  overpresssure  due  to  cloud 
translation  by  wind. 
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Fuel  rates,  cloud  volumes,  and  fuel-dispersal  time  limita- 
tions discussed  above  tend  to  bound  the  system  requirements. 
Obviously  to  disperse  the  larye  amount  of  fuel  in  the  times 
dictated  by  wind  velocity  requires  multiple  dispersion  points, 
vlust  how,^fhis  is  to  be  done,  the  efficiency  to  which  vaporiza- 
tion and  mixinq  of  air  and  fuel,  and  the  uniformity  and  control 
of  th#*  fuel  concentration  in  such  qigantic  volumes  is  believed 
to  be  the  kernel  of  the  FAE  nuclear-airblast  simulation  problem 


SECTION  5 

DETONABILITY  OF  AEROSOL-AIR  MIXTURES 

Two  academic  institutions;  The  University  of  Michigan  (UM) 
under  the  direction  of  J.  A.  Nichols  and  the  University  of 
California  at  Berkeley  (UCB)  under  the  direction  of  A.  K. 

Oppenheim  have  done  extensive  research  into  the  combustion  and 
detonation  of  fuel-oxidizer  mixtures.  The  work  at  UCB  has  been 
heavily  weighted  toward  theoretical  investigation  while  the  UM 
group  has  concentrated  on  the  experimental  aspects  of  detona- 
bility.  Experimentally  it  has  been  found  that  the  detonability 
of  a fuel-air  mixture  is  controlled  by  two  factors;  the  mean 
droplet  size  and  the  average  fuel  concentration.  Both  of  these 
factors  can  be  varied  over  quite  wide  ranges  and  the  mixtures 
will  still  support  a detonation. 

Results  from  the  UM  group  indicate  that  a mixture  of  air 
and  a fuel  composed  of  uniform  size  droplets  less  than  2500  microns 
in  diameter  can  support  a detonation.  If  the  liquid  component 
of  the  mixture  is  composed  of  droplets  having  diameters  of  less 
than  ten  microns,  the  resulting  mixture  will  have  detonation 
properties  close  to  the  theoretical  Chapman-Jouquet  (CJ)  con- 
ditions as  computed  from  the  gaseous  mixture;*  (Reference  16). 

As  the  droplet  size  increases  from  10  microns,  a time  lag  be- 
tween passage  of  the  shock  front  and  conflagration  of  the  droplet 
is  developed.  This  delay  consists  primarily  of  the  time  required 

j 

Reference  16  indicates  that  the  ideal  CJ  shock  velocity  may  be 
exceeded  for  one-dimensional  detonations  in  fogs  with  mean 
droplet  diameters  of  around  2 microns. 
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for  the  passinq  shock  front  to  shatter  the  droplet.  As  the  time 
delay  increases,  shock  velocities  lower  than  the  ideal  CJ  values 
are  observed  (Reference  17). 

The  amount  of  energy  as  a function  of  fuel  concentration  re- 
quired to  initiate  the  detonation  was  found  to  bo  a minimum  near 
the  stoichiometric  value,  with  a factor  of  1 • about  the  stoichio- 
metric being  the  practical  limits  on  the  concentration  that  can 
bo  detonated  (Reference  18).  This  effect  can  bo  seen  in  Fig- 
ure 14. 

It  has  also  been  shown  (Reference  19)  that  combustion  of 
the  droplet  can  be  initiated  by  the  passage  of  the  shock  front 
alone.  Furthermore,  the  energy  released  during  the  conflagration 
of  the  droplets  augments  the  energy  in  the  shock  front.  In 
diverging  geometry,  with  the  absence  of  any  energy  augmentation, 
a shock  front  will  die  out.  The  peak  pressure  of  the  shock 
front  can  only  be  maintained  if  a certain  minimum  amount  of 
energy  is  added  to  the  shock  front  as  it  diverges.  Consequently 
there  is  a minimum  fuel  concentration  which  can  maintain  a 
shock  front  in  diverging  geometry  (References  20  and  21). 

Experiments  using  mono-disperse  sprays  of  kerosene,  with 
droplet  sizes  between  200  and  600  microns,  are  reported  in 
Reference  21.  To  investigate  the  characteristics  of  a detona- 
tion in  a divergent  geometry,  a cylindrical  apparatus  was  used. 
Data  from  these  experiments  are  seen  in  Figure  15.  A similar 
study  was  performed  using  diethylcyclohexane  (Reference  17)  and 
a much  larger  range  of  drop  diameters.  Results  of  thii  work 
are  shown  in  Figure  16.  The  tests  reported  in  Reference  17  were 
conducted  over  a concentration  range  be'tween  20  percent  and 
100  percent  of  stoichiometric.  Reference  17  attributes  the 
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Figure  16  Comparison  of  experimental  detonation  velocity  with 
the  ideal  CJ  velocity  (from  Reference  17). 


degradation  in  performance  with  increasing  drop  size  to  heat 
transfer  and  friction  losses  in  the  experimental  apparatus  in 
addition  to  an  increase  of  the  droplet  breakup  time. 

It  would  thus  appear  that  a detonation  wave  having  diverging 
geometry  can  be  maintained  in  a fuel-air  mixture  in  which  the 
maximum  droplet  size  is  2500  microns  or  less.  The  smaller  the 
mean  drop  size,  the  closer  the  detonation  approaches  the  ideal 
CJ  conditions,  the  detonation  velocity  being  within  10  percent 
of  ideal  for  diameters  less  than  1.0  mm. 
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SECTION  6 


SPRAY  NOZZLE  TECHNOLOGY  REVIEW 

6.1  NOZZLE  PERFORMANCE 

References  3 and  5 concentrate  on  nozzles  as  a means  for 
fuel  dispersal  without  giving  sufficient  backup  on  available 
nozzle  performance  to  establish  feasibility  of  the  method.  To 
establish  a data  base,  numerous  U.S.  manufacturers  were  con- 
tacted. The  data  on  nozzle  performance  thus  obtained  are  shown 
in  Table  1.  The  ease  of  extracting  information  appears  to  bo 
a strong  function  of  the  company  size.  Those  manufacturers  with 
a large  and  varied  product  line  were  found  to  bo  extremely 
helpful,  while  the  smaller  companies  with  a limited  and  pro- 
prietary line  were  quite  reluctant  to  disclose  details  of  their 
products . 

A rough  estimate  of  the  nozzle  performance  required  can  bo 
obtained  by  referring  to  Section  3.4:  approximately  150  tons 
(50,000  gallons)  of  fuel  in  a cloud  approximately  140  feet  high 
and  720  feet  in  diameter.  Further,  this  cloud  is  to  bo  generated 
in  approximately  3 seconds.  This  dictates  a total  flow  of 
approximately  10°  gallons  per  minute.  If  300  nozzles  are  used 
in  the  simulation  system,  each  nozzle  would  have  to  pass  about 
3300  gallons  per  minute.  Several  manufacturers  list  nozzles 
within  this  flow  rate  capability  (Table  1).  More  difficult  to 
obtain  is  the  required  vertical  reach  of  approximately  140  feet. 
Several  manufacturers  document  a horizontal  reach,  given  an 
initial  flow  vector,  however,  documented  data  on  vertical  reach 
are  nonexistent.  The  vertical  reach  values  of  Table  1 were 
obtained  verbally. 
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Water  atomization  performance  of  the  nozzles  from  two  dif- 
ferent manuf actur inq  companies  are  displayed  in  Fiqures  17  and 
18.  The  flow  rate  performance  of  the  nozzle  from  the  Sprayinq 
Systems  Company  are  as  follows:  Model  No.  H20  is  one  of  a 
lonq  line  of  full-cone,  larqe  capacity  nozzles.  The  larqest 
orifice  diameter  for  the  H20  in  this  series  is  9/16ths  of  an 
inch  and,  at  100  psi  head  pressure,  has  a flow  rate  of  68  gallons 
per  minute.  Nozzle  typo  G1  is  a much  smaller  device,  having  a 
flow  rate  of  0.3  gallons  per  minute  at  a head  pressure  of 
100  psi.  What  is  significant  about  Figure  17  is  that  if  the 
data  may  be  extrapolated  to  very  high  pressures,  even  the  highest 
flow  rate  nozzles  may  produce  particle  droplets  on  the  order  of 
1000  microns  in  diameter.  The  nozzles  from  the  Bete  Fog  Nozzle 
Company  (Reference  22,  represented  in  Figure  18),  are  self- 
explanatory.  Here  again,  if  the  data  can  be  extrapolated  to 
1000  gallons  per  minute  at  1000  psi  head,  droplet  sizes  will 
still  remain  less  than  1000  microns. 

For  obvious  reasons,  it  is  highly  desirable  to  be  able  to 
performance-test  candidate  nozzles  using  water  as  the  working 
fluid.  To  be  able  to  use  these  data,  it  is  necessary  that 
performance-correlation  rules  between  water  and  the  candidate 
hydrocarbon  fuels  exist.  Because  of  the  internal  design  of 
many  commercial  nozzles,  this  is  not  always  possible  (Refer- 
ence 23).  However,  some  approximate  guide  lines  have  been 
deve loped . 

Droplet  size  and  nozzle  flow  rates  are  governed,  in  addition 
to  pressure  head,  by  the  material  properties  viscosity,  surface 
tension,  and  liquid  density.  Under  ideal  conditions,  the  flow 
rate  through  a nozzle  is  given  by 
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Figure  18  Mean  drop  diameter  versu.s  flow  rate  and 
pressure  drop  across  nozzle  (from  Refer- 
ence 24 ) . 


where  k is  a constant,  Ap  is  the  pressure  head,  p is  the  liquid 
density,  and  n is  the  dynamic  viscosity. 

In  those  cases  where  the  nozzle  design  admits  the  possibility 
of  predicting  performance  of  using  hydrocarbon  fuels  by  experi- 
mentation using  water,  droplet  size  rules-of-thumb  have  been 
developed  empirically  by  the  Delevan  Manufacturing  Company 
(Reference  24 ) . 

Droplet  diameter  may  be  roughly  estimated  by 


where  d is  the  mean  drop  diameter  and  p is  the  liquid  surface 
tension . 

Reference  24  also  concludes  that  the  equation  relating  flow 
rate  with  density  and  pressure  head  is  only  approximate.  Vis- 
cosity on  the  other  hand  has  a profound  effect  on  the  flow  rating 
of  the  nozzle: 

"The  effect  of  viscosity  is  complex,  under  certain 
conditions  a higher  viscosity  will  increase  flow 
rate.  Sometimes  it  has  the  opposite  effect.  In 
cone  spray  nozzles,  a moderate  increase  in  viscosity 
is  likely  to  increase  flow.  At  higher  viscosities 
and  with  other  types  of  nozzles  the  flow  rate  usually 
decreases  with  an  increase  in  viscosity.  The  exact 
effect  must  be  determined  experimentally  for  the 
specific  nozzle  design  and  operating  conditions 
involved . " 
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Thus,  the  use  of  water  in  a particular  nozzle  for  its  calibration 
must  be  done  with  caution. 

Surface  tension  is  a slowly  varying  function  of  temperature 
and,  for  hydrocarbon  fuels,  is  approximately  one-third  tiiat  of 
water.  The  viscosity  is  a very  strong  function  of  temperature. 
However,  for  most  of  the  fuels  under  consideration,  it  is  approxi- 
mately one-third  that  of  water  at  normal  room  temperature. 

The  use  of  water  to  simulate  the  hydrocarbon  fuel  should 
not  be  ruled  out  automatically.  The  viscosity  of  water  can  bo 
reduced  by  a factor  of  three  by  raising  its  temperature  to  45°C 
(Reference  25)  and  the  surface  tension  may  be  reduced  by  addition 
of  wetting  agents.  It  is  thus  conceivable  that  the  viscosity 
and  surface  tension  of  candidate  hydrocarbon  fuels  can  be  approxi- 
mated by  the  use  of  water  under  specific  temperature  and  additive 
conditions.  The  only  property  that  cannot  be  matched  is  density. 

In  any  case,  not  even  water  performance  data  exist  at  the 
high  pressure  and  flow  rate  conditions  required  for  a 1-KT 
simulation.  A basic  experimental  program  would  be  required  to 
obtain  such  information. 

6.2  THEORETICAL  VERTICAL  REACH 

From  Section  5,  it  is  clear  that  droplets  having  moan 
diameters  of  less  than  2500  microns  are  reijuired  to  maintain  a 
detonation  front.  Assuming  Stokes  law,  the  equation  of  motion 
of  a droplet  travelling  through  the  air  is  given  by 
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where  q is  the  gravitational  acceleration  and  is  the  terminal 
free-fall  velocity  of  the  droplet  in  air. 

It  is  pointed  out  in  Reference  26  that  only  droplets  having 
diameters  less  than  80  microns  will  obey  Stokes  law.  Kor  diam- 
eters between  80  and  8000  microns  it  is  claimed  that  liquid 
droplets  falling  in  gases  appear  to  remain  spherical  and  deviate 
from  Stokes  law  in  the  same  manner  as  solid  spherical  particles, 
up  to  a Reynolds  number  of  about  500. 


Solution  of  Eq.  (3)  leads  to  the  following  equation  for  the 
maximum  height  of  the  particle  when  initially  projected  vertically 
upward . 


V - f n 

o t 


("o  " "t) 


(4) 


where  v^  is  the  initial  upward  velocity  of  the  droplet. 


As  an  example  of  what  might  be  expected  from  a commercially 
available  nozzle,  consider  Spraying  Systems  Company  nozzle  8HF800 
(Reference  27).  This  device  has  an  orifice  diameter  of  4.031  inches 
and  can  deliver  2800  gallons  per  minute  at  a pressure  of  100  psi. 

The  mean  flow  velocity  through  this  orifice  is  then  72.6  ft/sec. 

This  is  a spray  nozzle  having  a wide-angle  dispersion  pattern; 
however,  for  the  sake  of  argument,  lot  us  assume  that  all  flow 
is  vertically  upward.  Using  terminal  velocity  data  given  in 
Reference  26,  Table  2 has  been  created.  Most  nozzle  manufacturers 
indicate  the  flow  rate  through  their  nozzles  is  proportional  to 
the  square  root  of  the  pressure  head.  Thus  for  the  nozzle  con- 
sidered above,  if  the  pressure  wore  increased  to  1000  psi,  it 
would  perform  at  8850  gallons  per  minute  and  would  have  an 
accompanying  230  ft/sec  flow  velocity.  Data  corresponding  to 
this  initial  velocity  are  also  listed  in  Table  2. 
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TABLE  2 MAXIMUM  DROPLET  ALTITUDE  AS  A FUNCTION  OF  DIAMETER 


AND 

INITIAL  VELOCITY 

Terminal 

Drop  Diameter 
(li) 

Velocity,  v 

Maximum 

Height,  (ft) 

( f t/sec) 

v^=72.6  ft/soc 

V =230  ft/sec 
o 

2600 

24 . 8 

29 . 8 

1 33 

1500 

18.5 

24 . 8 

105 

1000 

13.2 

19.6 

78.5 

500 

6.8 

11.8 

43.5 

100 

0.91 

1 . 9 

6.4 

Terminal  velocities  different  from  those  t^uoted  in  Table  2 
may  be  obtained  from  Reference  27  (Table  3).  If  these  latter 


data  are  used  instead  of  those  from  Reference  22,  the  maximum 


height  for  a 1500  micron  diameter  droplet  at  a pressure  head  of 
1000  psi  is  approximately  61  feet  (compared  with  105  feet, 

Table  2) . 


These  are  maximum  estimates  of  the  particle  trajectory 
height.  If  the  actual  drag  coefficients  were  used,  the  higher- 
order  velocity  dependence  would  have  resulted  in  a greater  drag 
upon  the  particle  and  a lower  trajectory.  Furthermore,  droplet 
ablation  will  occur  due  to  both  evaporation  and  shattering.  It 
is  unlikely  that  a 2500  micron  diameter  particle  existing  near 
the  nozzle  throat  will  have  the  same  size  at  its  zenith.  This 
also  contributes  to  a lower  maximum  height  for  the  droplet. 

In  the  absence  of  effects  other  than  those  considered  above, 
it  is  improbable  that  single  droplets  can  be  projected  to  the 
heights  requisite  for  the  feasibility  of  a 1-KT  simulation. 
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TABLi:  3 WATER  DROPLET  COMPARISON  DATA 
(FROM  REFERENCE  27) 


Drift  in 


Particle  Size 
Range  (p) 
Median  Volume 

Comparative 
Subject  in 
Particle  Size 

Time  for 
Particle  to  Fall 

10  Feet  (sec) 

3 mph 

Wind  10  Feet 

J-al  1 (ft) 

5000  to  2000 

Heavy  Rain 

0.85 

3.5 

0.9 

4.0 

2000  to  1000 

Intense  Rain 

0.9 

4.0 

1.1 

5.0 

1000  to  500 

Moderate  Rain 

1 . 1 

5.0 

1 . 6 

7.0 

500  to  100 

Light  Rain 

1.6 

7.0 

11.0 

48.0 

100  to  50 

Misty  Rain 

11.0 

48.0 

40.0 

175.0 

50  to  10 

Wet  Fog 

40 . 0 

175.0 

1020.0 

4500.0 

10  to  2.0 

Dry  Fog 

25400.0 

112000.0 

1.0  to  0.1 

Fumes 

Suspended  in  air 

— 

0.01  to  0.001 

Smo)<e 

Suspended  in  air 

Below  0.001 

Molecular 

-- 

Dimensions 

6.3  SUMMARY 


We  have  been  unable  to  uncover  experimental  data  on  the 
following : 

• Performance  of  high  flow-rate  spray  or  jet  nozzles 
using  hydrocarbons  as  the  working  fluid 

• Mean  droplet  size  and  droplet  size  distribution  from 
high  flow-rate  water  spray  nozzles 

• Vertical  fluid  projection  limits  of  any  nozzle 
operating  at  the  pressure  and  flow-rates  required 
for  a 1-KT  simulation 

In  Section  6,2  serious  doubt  was  cast  upon  the  ability  of 
a spray  nozzle  to  project  to  a height  of  140  feet.  The  results 
cannot  be  considered  conclusive,  however,  as  no  consideration 
was  taken  of  the  influence  of  the  liquid  flow-induced  motion 
of  the  surrounding  atmosphere. 

Although  it  is  highly  desirable  from  both  a cost  and  safety 
standpoint  to  test  the  dispersal  system  using  water,  such  a test 
may  have  little  bearing  on  the  performance  of  the  system  using  a 
hydrocarbon.  As  seen  in  Section  6.1,  several  manufacturers  indi- 
cate that  although  it  may  bo  possible  to  estimate  hydrocarbon 
performance  using  water,  this  procedure  does  not  always  lead 
to  the  correct  results.  To  have  a high  confidence  in  nozzle 
performance,  candidate  nozzles  must  be  tested  with  candidate 
fuels . 
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SECTION  7 

COMPARISON  OF  CANDIDATE  FUELS 


Successful  weaponization  of  the  FAE  concept  has  been  obtained 
using  ethylene  oxide  as  fuel  (Reference  10) . This  material  has  a 
clear  military  advantage  over  many  of  the  hydrocarbon  fuels  in 
that  it  is  water-soluable  which  reduces  the  fire  hazard  in  the 
event  of  a spill,  particularly  on-board  ship.  It  has  a high 
density  and  its  detonation  limits  do  not  vary  significantly  ov<'r 
very  large  ranges  in  ambient  temperature.  Such  considerations 
are  not  necessarily  pertinent  to  FAE  used  as  a simulation  device 
and  other  fuels  were  investigated. 

Confined  detonations  have  been  observed  in  such  diverse 
materials  as  kerosene,  d iethy lycyclohexane , decane,  hexadecane, 
and  MAPP.  NWC  has  reported  unconfined  detonations  in  a great 
many  materials  (Reference  12) , a sample  of  which  is  listed  in 
Table  4.  It  will  be  noted  that  toluene  can  be  detonated  if  the 
liquid  is  preheated,  but  it  cannot  support  a detonation  if  the 
vapor  is  initially  cold.  Methane  cannot  be  detonated  in  air  and 
the  only  data  on  kerosene  is  the  laboratory,  confined-detonation 
work  of  the  University  of  Michigan  (Reference  21).  Although  we 
have  entered  a "?"  for  the  unconfined  detonation  of  acetylene, 
it  is  well  known  that  this  material  can  support  a detonation  over 
very  wide  concentration  limits  (Reference  28) . 

The  bulk  costs  of  the  fuels  were  obtained  by  directly  con- 
tacting various  suppliers.  Many  of  the  more  common  fuels,  such 
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TABLE  4 COMPARISONS  OF  CANDIDATE  FUELS 


Uncon  f ined 
Detonation 

Bul)< 

Cost 

Candidate  Fuel 

$/ton 

$/10^  cal 

Ethylene  Oxide 

Yes  (NWC) 

2500 

39  5 

Propylene  Oxide 

Yes  (NWC) 

1160 

170 

Ethylene 

? 

1940 

180 

Acetylene 

1500 

135 

MAPP 

Yes  (AFATL) 

600 

85 

Toluene 

Yes-Warm  (NWC) 
No-Cold  (NWC) 

1860 

200 

Diethylether 

Yes  (NWC) 

720 

90 

Propylnitrate 

Yes  (Northrup) 

2500 

Methane  (LNG) 

No  ( NWC ) 

1 365 

115 

Propane  (LPG) 

Yes  (NWC) 

255 

24 

Butane 

Yes  (NWC) 

115 

12 

Hexane 

Yes  (NWC) 

160 

15 

Heptane 

7 

140 

13 

Gasolene 

Yes  (NWC) 

115 

11 

Kerosene 

? Lab  (UM) 

124 

13 

Diesel  Fuel 

7 

102 

11 

* 

See  text  for  definitions  of  hazard  numbers 


Toxic 

Hazard* 

3/2 

2/2 

0/2 

0/2 

0/0 

1/2 

2/2 

0/1 

0/1 

0/2 

1/1 

1/2 

2/2 

1/2 

1/2 
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as  qasolene,  propane,  and  diesel  fuel,  can  be  obtained  in  tank 
car  quantities  while  the  more  exotic  fuels  such  as  ethylene 
oxide,  diethylether , etc.,  can  only  be  obtained  in  55  qallon 
drums  or  smaller.  Ethylene  oxide  is  unirjue,  in  that  it  is 
shipped  only  in  reinforced  canisters,  each  of  which  require  a 
substantial  monetary  deposit  (in  excess  of  $400).  The  bulk 
costs  for  the  fuels  enumerated  in  Table  4 do  not  include  any 
canister  deposits.  The  costs  are  the  quotations  from  the 
suppliers,  valid  as  of  March  1977,  and  reflect  their  prices  for 
the  larqest  quantities  that  can  bo  shipped.  The  second  column, 
under  the  headinq  of  bulk  cost,  is  the  cost  per  unit  explosive 

9 

yield  measured  in  TNT  equivalent  tons.  (10  calories  is  the 
energy  output  of  one  metric  ton  of  TNT.) 

The  toxicity  hazard  associated  with  handling  tlie  candi- 
date fuels  is  seen  as  the  last  column  of  Table  4.  These  data 
were  taken  from  Reference  29  herein  two  general  groupings  of 
hazards  are  discussed.  They  are  acute  and  chronic  hazards, 
the  latter  being  associated  with  long  term  (weeks  or  months) 
handling  of  the  material.  This  is- not  pertinent  to  our  work 
and  has  not  been  incorporated  in  the  table.  The  acute  hazard 
refers  to  a one-time  or  short-term  contact  with  the  material. 
There  are  two  classifications  of  this  hazard,  the  first  being 
a direct  application  of  the  material  to  the  skin,  while  the 
second,  or  internal  hazard,  would  normally  be  associated  with 
the  inhalation  of  the  vapors.  A rating  of  0 indicates  little 
or  no  toxicity  while  the  highest  rating,  3,  indicates  that 
extreme  caution  is  to  be  used  in  handling  the  material.  The 
rating  numbers  in  the  toxicity  hazard  column  are  read: 
external/inhalation.  Included  in  the  external  hazard  are  frost 
bite  and  severe  drying  of  the  skin,  while  the  internal  hazards 
include,  but  are  not  limited  to,  lung  inflammation,  nausea,  and 
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anesthesia  (diethylether , "other,”  is  well  known  for  its  anesthetic 
propert ies) . 

High  cost  and  high  toxicity  make  ethylene  oxide  unattractive 
as  a candidate  for  the  simulation  concept.  The  combination  of  low 
cost  and  relatively  low  toxicity  make  the  more  common  fuels,  such 
as  propane,  butane,  and  heptane  more  desirable  as  candidates. 

MAPP  should  also  be  included,  as  its  detonation  properties  have 
been  well  documented  and  it  has  a very  high  vapor  pressure  which 
may  insure  the  formation  of  a vapor  cloud  with  little  or  no  rain- 
out  of  the  fuel.  Furthermore,  MAPP  is  an  unsually  safe  fuel  to 
handle  (Reference  28).  The  high  vapor  pressure  considerations 
also  apply  to  propane. 

Mixtures  of  octane  and  heptane  form  the  standard  for  ttie 
"octane  rating"  of  motor  fuels.  A gasolene  which  has  the  same 
burning  rate  as  pure  octane  is  said  to  have  an  octane  rating  of 
100.  The  lower  the  octane  ratina  the  higher  the  detonability 
of  the  gasolene.  Thus,  pure  octaine  would  appear  to  be  a poor 
candidate  for  a FAK,  while  heptane,  bc>ing  a more  easily  detonated 
fuel,  would  appear  to  be  a good  candidate.  Heptane  has  thus  been 
included  in  our  list  of  candidate  fuels,  although  it  has  been 
subjected  to  little  FAF.  experimentation.  It  shovjld  be  noted, 
however,  that  the  boiling  point  of  heptane  is  98.4°C.  This  may 
make  its  dispersion  more  difficult  than  that  of  MAPP  or  propane. 
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SECTION  8 

CONCLUSIONS  AND  RECOMMENDATIONS 


1.  Explosively  disseminated  FAE  airblast  data  show  a nuclear 
surface  burst  equivalency  of  170  tons  of  fuel  per  kiloton 
for  fuel  clouds  having  a height-to-d iameter  ratio  of  0.2. 

2.  The  errors  associated  with  predicting  airblast  parameters 
from  explosively  disseminated  fuel  clouds  are  approximately 
three  times  those  associated  with  condensed  explosive 
nuclear-airblast  simulation  experiments. 

3.  The  use  of  detonation  points  offset  from  the  center  of  the 
FAE  cloud  causes  multiple  airblast  shocks  which  contribute 
to  azimuthal  variations  in  airblast  parameters.  Multiple 
shocks  would  be  undesirable  in  a nuclear-airblast  simulation 

4.  Although  hemispherical  balloons  filled  with  fuel-air  mix- 
tures show  nuclear  surface  burst  equivalencies  of  63-  to 
88-tons  of  fuel  per  kiloton,  the  fuel  vapor  was  well  mixed 
with  air  (or  oxygen)  over  very  long  times  (in  comparison 
with  simulation  fuel  dissemination  times)  and  consequently 
the  data  are  believed  unrealistically  low  for  unconfined 
aerosol  fuel  clouds  disseminated  within  a few  seconds. 

5.  A realistic  estimate  of  the  nuclear  surface  burst  equiva- 
lencies of  unconfined  aerosol  fuel  clouds  is  believed  to 

be  150  tons  of  fuel  per  kiloton  for  clouds  in  a cylindrical 
geometry  for  a height-to-d iameter  ratio  of  approximately  0.2 

6.  Vapor/aerosol-air  mixtures,  for  a 1-KT  simulation,  require 
cloud  dimensions  of  gigantic  proportions,  approximately 
140  feet  high  and  700  feet  in  diameter.  These  large  cloud 
dimensions  require  multiple  fuel  dispersion  points  and 
place  great  emphasis  on  fuel  dispersion  techniques. 

7.  Increasing  the  he ight-to-d iameter  ratio  of  the  cylindrical 
fuel  cloud  increases  the  overpressure-impulse  effectiveness 
of  the  FAE.  However,  this  is  offset  by  requirements  for 
larger  fuel  dissemination  heights  with  a consequent  greater 
dependency  on  ambient  wind  velocities. 
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8.  Aerosols  with  mean  droplet  diameters  less  than  2500  microns 
will  support  detonation.  The  smaller  the  droplet  diameter, 
the  closer  the  detonation  will  be  to  the  ideal  Chapman- Jouget 
shock  conditions  for  the  vapor. 

9.  Detonations  will  be  supported  for  fuel  concentration  with 

a factor  of  1.5  on  each  side  of  the  stoichiometric  mixture. 

10.  Spray  nozzles  exist  with  performance  characteristics  in 
the  flow  rates  necessary  for  a 1-KT  simulation  but  very 
little  information  exists  on  droplet  size  distribution 
and/or  vertical  reach  for  these  nozzles. 

11.  Theoretical  estimates  of  the  maximum  vertical  reach  of 
single  droplets  indicate  that  the  necessary  cloud  heights 
may  not  be  possible  for  spray  nozzles  producing  droplets 
of  1500  microns  or  less. 

12.  Per forf’.ance  of  nozzles  using  other  than  water  as  a working 
fluid  must  be  evaluated  using  the  candidate  nozzle  and  the 
candidate  fuel. 

13.  High  cost  and  high  toxic  hazard  make  ethylene  oxide  a poor 
candidate  for  FAE  nuclear-airblast  simulation  experiments. 

14.  Low  cost  and  low  toxicity  hazards  point  toward  propane, 

MAPP,  and  butane  as  being  the  attractive  candidate  fuels 
for  FAE  nuclear-airblast  simulation  experiments  with  heptane 
being  worthy  of  consideration. 
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